We perform first-principles investigations of two-dimensional, triangular lattices of Au 38 nanoparticles deposited on a graphene layer. We find that lattices of thiolate-covered nanoparticles cause electronic structure modifications in graphene such as minigaps, charge transfer, and new Dirac points, but graphene remains metallic. In contrast, for a moderate coverage of nanoparticles ͑Ϸ0.2 nm −2 ͒, a lattice of bare ͑noncovered͒ Au nanoparticles may induce periodic deformations on the graphene layer leading to the opening of a band gap of a few tens of meV at the Dirac point, in such a way that a properly charged system might become a semiconductor.
I. INTRODUCTION
The electronic properties of graphene-based materials have been widely investigated since graphene was first synthesized in 2004. 1 Due to graphene's unique dispersion relation, electrons and holes behave like a two-dimensional ͑2D͒ gas of massless Dirac fermions, which allows to probe quantum electrodynamics phenomena in condensed matter. [2] [3] [4] On the other hand, the metallic ͑or zero-gap semiconductor͒ nature of graphene's electronic structure prevents its direct application as a "bulk" semiconductor material in electronic devices. Several experimental realizations have been made to modify graphene and turn it into a semiconductor, such as cutting or synthesizing graphene in the form of nanoribbons, 5 growing graphene epitaxially on SiC, 6, 7 or applying an electric field perpendicular to bilayer graphene. 8 It has also been suggested that graphene with periodic arrays of antidots 9 or BN-graphene bilayers 10 might manifest semiconducting behaviors.
In the present work we investigate, through firstprinciples calculations, the consequences of depositing a two-dimensional triangular lattice of Au nanoparticles on graphene. Such triangular lattices of functionalized nanoparticles can be produced experimentally, 11 and the deposition of Au nanoparticles on graphene has already been obtained. 12 We find that deposited Au 38 nanoparticles that are covered with methylthiolate molecules transfer a net negative charge to graphene and cause electronic structure modifications such as new Dirac-type points and minigaps, but graphene remains metallic. In the case of lattices of bare ͑noncovered͒ Au nanoparticles, the stronger nanoparticle-graphene interaction may lead to the opening of a band gap of a few tens of meV at the graphene Dirac point for moderate concentrations of nanoparticles.
II. METHODOLOGY
We use a first-principles methodology based on the density functional theory 13 as implemented in the SIESTA code, 14 within the generalized gradient approximation ͑GGA͒ ͑Ref. 15͒ and with the use of norm-conserving pseudopotentials. 16 For the C, S, and H atoms we employ a basis set consisting of double-zeta radial functions per angular momentum, with the finite range determined by a common confinement energy shift in ␦E =10 −2 Ry ͑Ref. 17͒. For Au atoms, we use a different basis set, which is described in previous works. 18, 19 The real-space grid used for integration was defined by a minimal energy cutoff of 150 Ry ͑Ref. 20͒ in the reciprocal space.
III. RESULTS AND DISCUSSION
A. Deposited layers of functionalized nanoparticles: Band structure near the Fermi level
We first consider two-dimensional arrays of functionalized Au 38 nanoparticles deposited on graphene, as shown in Fig. 1 . We consider the nanoparticle structure obtained experimentally by Garzon et al., 18 where the Au 38 metal core is covered by 24 methylthiolate ͑CH 3 S͒ molecules in such a way that the surface gold atoms form quasilinear Au-S-Au bonds, consistent with recent experimental observations. 21 We consider two distinct values for the lattice parameter a of the nanoparticle layer, chosen to be commensurate with either a 9 ϫ 9 ͑a = 22.43 Å͒ or a 12ϫ 12 ͑a = 29.97 Å͒ graphene supercell, as shown in Figs. 1͑b͒ and 1͑c͒. In the first case, the nanoparticle coverage has a density of 0.230 nm −2 , and in the second case, 0.129 nm −2 . The geometries of the Au 38 nanoparticle layers and that of the graphene layer were optimized separately, and then assembled together at a layer-to-layer distance that minimizes the total energy of the nanoparticle+ graphene system. For both coverage considered, the smallest distance between a hydrogen atom of the functionalized nanoparticle and a carbon atom of the graphene layer is 2.9 Å at the optimized geometry, which indicates a weak interaction between the nanoparticles and the graphene layer.
In the upper panel of Fig. 2 we show the band structure of an isolated 9 ϫ 9 graphene supercell near the Fermi level, 22 and in the lower panel we show the band structure of the corresponding nanoparticles+ graphene system shown in Fig.  1͑b͒ . The band structure of a two-dimensional methylthiolate functionalized Au 38 film is dispersionless ͑as it has been previously reported in Ref. 23͒. Therefore, the flat bands in Fig.  2͑b͒ can be recognized as the electronic states of the nanoparticle film. The interaction between the functionalized nanoparticles layer and the graphene layer is too small to lead to a detectable band-gap opening on the ͑otherwise metallic͒ electronic structure of the graphene layer near the ⌫ point, as seen in Fig. 2 . Due the differences between the electroaffinities of the functionalized nanoparticles and that of graphene, a net negative charge ͑of 0.3e / particle͒ is transferred from the nanoparticles to the graphene layer. As a result, the energy of the point in k space, where the upper valence band and the lowest conduction band are degenerate ͑the Dirac point͒, does not coincide with the Fermi level E F as in the isolated, neutral graphene ͑see upper panel of Fig.  2͒ , but it rather shifts downward relative to E F , as shown in the bottom panel of Fig. 2͑b͒ . Apart from the shift in E F due to this charge transfer, and from minor anticrossing couplings on the order of 0.01 eV, at crossing points between the ͑flat͒ nanoparticle states and the graphene states, the resulting band structure of the graphene+ nanoparticles system near the ⌫ point is essentially a superposition of the band structures of the isolated systems. This is shown in Fig. 2 .
In Fig. 3͑a͒ we show the band structure of an isolated 12ϫ 12 graphene supercell near the Fermi level, and in Fig.  3͑b͒ we show the band structure of the nanoparticles + graphene system commensurate with the 12ϫ 12 graphene supercell ͓shown in Fig. 1͑c͔͒ . Similar to the case with denser coverage, considered in the previous paragraph, no band gap near the ⌫ point is opened in the functionalized nanoparticles+ graphene system, keeping the metallic character of the graphene. Also similar to the previous case, the band structure of the nanoparticles+ graphene system near the ⌫ point is nearly a superposition of the band structures of the isolated systems, and a net negative charge ͑of 0.35e / particle͒ is transferred from the nanoparticles to the graphene layer, resulting in an energy shift in the Dirac point relative to E F .
B. Effects of additional charge
We have also investigated the possible changes in the electronic structure of graphene due the inclusion of addi- 
͑a͒ Band structure, near the ⌫ point of a 9 ϫ 9 graphene supercell. ͑b͒ Band structure, near the ⌫ point of the nanoparticles + graphene system shown in Fig. 1͑b͒ . In both panels the Fermi level is set to zero and the band structures were calculated along the K-⌫-M directions.
͑a͒ Band structure, near the ⌫ point of an isolated 12 ϫ 12 graphene supercell. ͑b͒ Band structure, near the ⌫ point of the nanoparticles+ graphene system shown in Fig. 1͑c͒ . In both panels the Fermi level is set to zero and the band structures were calculated along the K-⌫-M directions.
tional charge in the graphene+ nanoparticles system. Figure 4 shows the band structures of ͑a͒ the neutral 9 ϫ 9 graphene + nanoparticles system, ͑b͒ the system charged with an extra electron, and ͑c͒ the system charged with an extra hole. Upon the addition of an electron ͓Fig. 4͑b͔͒, both the Dirac point and the dispersionless bands of the nanoparticles film are shifted to lower energies, relative to the Fermi energy, by nearly the same amount. This is associated to the fact that the additional negative charge is equally shared between the graphene layer and the nanoparticle film, as indicated by a Mulliken population analysis. The effect of an additional hole in the system is different from that of an additional electron. The extra positive charge is not equally shared between the nanoparticles film and the graphene layer: 70% of the additional positive charge is localized at the nanoparticle. As a result of such asymmetric positive charging, the relative position between the dispersionless nanoparticles bands and the graphene bands are changed due the addition of an extra hole in the system, as it is possible to see in Fig. 4͑c͒ .
As it is also possible to see in panels ͑b͒ and ͑c͒ of Fig. 4 , the additional electron or hole in the system does not open a band gap on the band structure of the graphene layer near the ⌫ point. This suggests that the long-range nature of the additional Coulomb potential centered at the nanoparticles is unable to break the A-B sublattice symmetry that makes graphene metallic, or that the metallic screening due to the graphene layer further reduces this symmetry breaking.
C. Effects of an applied electric field
In an another attempt to modify the electronic structure of the nanoparticles+ graphene system, we added a periodic zigzag potential along the direction perpendicular to the graphene plane, namely, ẑ direction, which corresponds to a constant external electric field along this direction. We considered E z components of the electric field ranging from −0.5 up to 0.5 V / Å. Figure 5 shows the band structures of the 9 ϫ 9 graphene+ nanoparticles system for E z =0, E z = −0.5 V / Å, and E z = 0.5 V / Å. Depending on the sign of E z , electrical charge is transferred either from graphene to the nanoparticles film ͑negative E z ͒, or vice-versa ͑positive E z ͒. Concerning the electronic structure, the charge transferred from one part of the system to the other leads to opposite shifts in the graphenelike bands and of the nanoparticlelike bands. However, Fig. 5 also shows that the applied field does not open a band gap in the graphenelike electronic states near the ⌫ point.
D. New Dirac points and minigaps
Park et al. 24 have recently predicted that, when a periodic potential with triangular lattice symmetry is applied to graphene, new Dirac points are generated at the M point of Energy bands of ͑a͒ an isolated 9 ϫ 9 graphene supercell and of ͑b͒ the nanoparticles+ graphene system shown in Fig. 1͑b͒ , near the M and K points of the system supercell. the system supercell, with anisotropic group velocity. For specific potentials, they also predicted that these new Dirac points can fall in an energy-gap region of the remaining electronic states. Figure 6͑b͒ indicates that our proposed 9 ϫ 9 graphene+ nanoparticles system can lead to a new Dirac point at the M point, at about 0.7 eV above the Fermi energy ͑and at about 0.9 eV above the original graphene Dirac point͒. This results from the folding of the electronic structure of the original graphene layer into the supercell, as seen in Fig. 6͑a͒ .
The new Dirac point at the M point is anisotropic, as predicted by Park et al. 24 To demonstrate that, we consider five distinct linear paths in the first Brillouin zone ͑BZ͒ that start at the M point and end, respectively, at the points K, K1, K2, K3, and ⌫, as indicated in Fig. 7 . The band dispersions along those paths, shown in Fig. 8 , clearly demonstrate that the feature at the M point has the topology of a Dirac point, and that it is anisotropic, that is, its dispersion depends on the direction on the reciprocal space.
We can also see in Fig. 6͑b͒ that a minigap is opened at the K point. The new Dirac-type point at M almost falls into the minigap region. For the nanoparticles+ graphene system commensurate with the graphene 12ϫ 12, we also find a similar new Dirac point at M, 0.69 eV above the original Dirac point. The ratio between this value and the corresponding value for the 9 ϫ 9 supercell, 0.69/ 0.92= 0.75, is the same as the inverse of the ratio of the corresponding lattice parameters. This indicates a 1 / a scaling of the energy position of the new Dirac points, relative to the original Dirac point.
E. Deposited layers of bare nanoparticles
As described in the previous paragraphs, the graphene bands are only weakly affected at the ⌫ point by the interaction with methythiolate-capped gold nanoparticles. This is partly due to the relatively large distances between the nanoparticle Au cores and the graphene carbon atoms, which leads to a slowly varying perturbing potential on the graphene layer that is unable to break the A-B graphene lattice symmetry and, therefore, to open a gap on the graphene electronic structure. In an attempt to reduce the Au-carbon distance, we have investigated the interaction of graphene with bare ͑noncovered͒ Au 38 nanoparticles. In contrast with thiolate-capped Au nanoparticles, which spontaneously assemble into periodic two-dimensional triangular lattices, 11 we do not expect that bare Au nanoparticles on graphene would spontaneously form periodic lattices: a chemical route involving thiol desorption, for instance, might achieve that goal. We note that there are already experimental reports of chemical desorption of thiols from Au nanoparticle films on graphite, leaving thiol-free nanoparticles that do not collapse by sintering. 25 Physical deposition routes are also possible. For instance, the physical deposition of small coverage of Au over graphite by molecular-beam epitaxy 26 leads to isolated Au clusters, most within a narrow distribution of diameters between 0.5 and 0.7 nm. In our calculations, we first consider an amorphous Au 38 cluster ͑which is energetically more stable than its ordered octahedral isomer͒ 18 that is periodically repeated in a triangular lattice that is commensurate with an underlying 9 ϫ 9 graphene supercell ͓see Fig. 9͑b͔͒ . The geometry of this system was fully optimized until the remaining forces were smaller than 0.05 eV/ Å. The optimized unit cell and one of its periodic images along the ẑ direction are shown in Fig. 10 . As the figure shows, the geometry optimization leads to a strong reduction in the c/a ratio of the supercell, which now represents a periodic Au/ graphene heterostructure along the ẑ direction. The minimal distance between a gold and a carbon atom is Ϸ2 Å, which indicates a strong interaction between the bare Au nanoparticles and graphene, as compared to the weak interaction in the case of the functionalized nanoparticles.
The strong, short-range interaction between the bare gold clusters and the 9 ϫ 9 graphene supercell leads to a band-gap opening of 24 meV near the ⌫ point, between the graphenelike bands that previously touched at the Dirac point, as seen in Fig. 11͑a͒ . The energy-gap region is below the Fermi energy due to electron transfer from the nanoparticles to graphene and, therefore, the neutral system is still metallic. Upon a proper p-doping, however, the Fermi energy can be placed in the gap region and the graphene+ nanoparticles system would become semiconductor.
To investigate the physical origin of the band gap shown in Fig. 11͑a͒ , we calculated the band structure of two additional systems. First, we increased the c-axis distance of the supercell such that there are not interactions between periodic images along ẑ direction, that is, the system is effectively a single-layer graphene plus nanoparticles. The band structure of such system, shown in Fig. 11͑c͒ , depicts the same band gap as before. Therefore, the origin of the gap is not the interaction between the graphene layers mediated by the nanoparticles. Next, we considered the band structure of a single, isolated graphene layer with the same ͑slightly͒ distorted geometry as in the graphene+ nanoparticles system. FIG. 10 . ͑Color online͒ Unit cell of the system constituted by a bare Au 38 nanoparticle deposited on 9 ϫ 9 graphene and one of its periodic images along the z direction. The band structure of the distorted graphene, shown in Fig.  11͑b͒ , depicts the same band gap as before. Therefore, the physical origin of the band gap is the breaking of the A-B sublattice symmetry due to the localized distortions in graphene caused by the bare nanoparticles.
The results of Fig. 11 , indicating the band-gap opening of a specific graphene+ nanoparticles system, were performed with the use of a GGA exchange-correlation functional, as described previously. In order to verify if the band-gap opening is related to the use of a specific functional, we performed the same calculations within the local-density approximation ͑LDA͒ ͑Ref. 27͒ for the exchange-correlation functional. Figure 12 shows the band structure, near the ⌫ point, of the bare nanoparticles lattice interacting with a 9 ϫ 9 graphene supercell obtained within both the GGA and the LDA approximations. Although there are some quantitative differences in the band dispersions between the two functional, we obtain the same value of the band gap, of about 24 meV, in both cases.
In order to investigate if the band-gap-opening effect is sensitive to the density of the nanoparticle coverage, we also performed calculations with both larger and smaller graphene supercells. Specifically, we considered lattices of bare, amorphous Au 38 clusters commensurate with 12ϫ 12 and 6 ϫ 6 graphene supercells, shown in Figs. 9͑c͒ and 9͑a͒ , respectively. The geometry of those systems were fully optimized until the remaining forces were smaller than 0.05 eV/ Å. The minimal distance between a gold and a carbon atom is about 2 Å in the ẑ direction, similar to the 9 ϫ 9 system described in the previous paragraphs. Figure  13͑b͒ shows energy bands near the ⌫ point of the 12ϫ 12 graphene supercell interacting with the commensurate lattice of bare gold clusters, and ͑a͒ shows the corresponding band structure for the isolated graphene system. Unlike the previous result for bare nanoparticles on a 9 ϫ 9 graphene supercell, in the 12ϫ 12 system no band gap is opened at ⌫ due to the nanoparticles, in spite of the fact that there is a deformation in the graphene region below the nanoparticles similar to the 9 ϫ 9 system. Considering that in the isolated "diluted" limit ͑nanoparticles very far apart from each other͒ no band gap can be opened due to the semimetallic nature of the graphene host system, a possible explanation for the absence of a band gap in the 12ϫ 12 system is that such limit has been reached.
The case of the lattice of bare, amorphous Au 38 clusters commensurate with the 6 ϫ 6 graphene supercells, shown in Fig. 9͑a͒ , is structurally distinct from the 9 ϫ 9 and the 12 ϫ 12 systems: in this case, the deformation of the graphene layer induced by the nanoparticles is negligible. Consistent with that, the band structure of this system, shown in Fig.  14͑b͒ , shows that no band gap is opened near the ⌫ point. Therefore, our results suggest that the nanoparticle-induced band-gap opening would only occur for an "intermediate" coverage of nanoparticles, that is, one that leads both to the deformation of the graphene layer and to a significant area of the deformed graphene relative to the undeformed, bulk graphene area between the nanoparticles.
IV. SUMMARY
In summary, we performed a first-principles study of electronic and structural properties of two-dimensional arrays of Au 38 nanoparticles, functionalized or not by methylthiolate molecules, in contact with a graphene layer. We find that the interaction of functionalized nanoparticles with the graphene layer causes electronic structure modifications in graphene such as minigaps, charge transfer, and new Dirac points. Nevertheless, this interaction does not lead to the opening of a band gap at the Dirac point, even in the case of charged nanoparticles or under applied electric field. We also find that the interaction of bare nanoparticles with graphene may cause a small band-gap opening at the Dirac point, for a moderate ͑Ϸ0.2 nm −2 ͒ coverage of nanoparticles.
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